It is important to analyze rotor current quantitatively for doubly fed induction generator(DFIG) initiated by terminal voltage dip for planning and configuration of relay protection of wind farms and grid including wind farms. The previous studies assumpt that the instantaneous activation of crowbar after the occurrence of terminal voltage dip. In fact, crowbar acts with different time delays depending on the severity of terminal voltage dip. Based on superposition principle, the terminal voltage is divided into steady-state value and increment. On condition that excitation voltage of rotor windings and rotating speed of rotor keep unchanged, the analytic model to calculate the increment of rotor current initiated by the increment of terminal voltage is derived in detail when crowbar is not triggered. Calculated results of the analytic model is compared with the numerical calculation, which verifies the effectiveness of the proposed analytic model.
Introduction
Currently, a wind turbine with a doubly fed induction generator (DFIG) is one of the mainstream types used by wind power. A power electronic converter which can be divided into the rotor side converter and grid side converter according to the location is used for excitation on the rotor winding.
In order to avoid breakdown of the rotor side converter switches, a crowbar is connected to the rotor windings. When the rotor currents reaches the setting value of protection, the rotor side converter is blocked and the crowbar is fired. Then the rotor windings will be short circuited.
At present, many studies have been proposed that analyze the rotor current transient characteristics when the terminal voltage of DFIGs drops [1, 2, 3] . Most of the previous studies assume that the crowbar is fired at the moment of the appearance of voltage dip. But in fact, time is needed for the rotor current rising up to trigger crowbar [4] . Therefore, the previous studies can not reflect the transient characteristics of the rotor currents from the occurrence of the voltage dips to the moment of crowbar fired(called an early stage of the terminal voltage dip).
Aiming at the question, the terminal voltage of the DFIG is divided into steady-state value and increment, and then based on the superposition principle, the transient characteristics of the rotor current at an early stage of the terminal voltage dip is equivalent to the increment analysis of the rotor currents. Taking the amplitude and the initial phase of the rotor windings excitation voltage and the rotor speed unchanged as the research condition, the analysis calculation model between the terminal voltage increment and the rotor currents increment is derived in detail at an early stage of the terminal voltage dip in a dq synchronously rotating reference frame. The results of case studies carried out with a Gamesa G58-850kW wind turbine with DFIG verify the validity of the proposed method.
Electromagnetic transient model of DFIGs
In a dq synchronously rotating reference frame, the equations describing a DFIG are [5, 6] International Conference on Information Sciences, Machinery, Materials and Energy (ICISMME 2015) 
, L sl and L sr are the stator and rotor resistance and leakage inductance respectively. L sm is magnetizing inductance. N s and N r are the stator and rotor turns respectively. ω 1 is the synchronous rotation angular speed and ω s is slip angular speed.
The elements in A(X) are related to winding parameters of DFIG and ω r . While ω r is associated with wind speed, the stator and rotor currents (i.e. state variable X). So, the elements in A(X) are related to the stator and rotor currents. Therefore, Eq. (1) 
Assuming that U dropped from U 0 to U 1 , according to the superposition principle, U 1 can be regarded as an incremental ΔU superimposed on U 0 , as shown in Eq.(3). 
Calculation model of the rotor currents increment stimulated by the terminal voltage increment of DFIGs
It's difficult to obtain the analytical expression between ΔU and ΔX by solving Eq. (5). Additional, Eq. (5) can not reveal the mechanism between ΔU and ΔX from the physical processes perspective and can not grasp the characteristics of the rotor currents increment intuitively.
Analysis of frequency components of the rotor currents increment of DFIG Logically, the steady-state value of the stator and rotor currents will change at the beginning of the terminal voltage dip. So, in a dq synchronously rotating reference frame, the DC components should be involved in ΔX.
Meanwhile, in order to maintain the flux linkage of the stator and rotor winding invariable at the moment of the voltage dip, the initial value of the flux linkage of the stator and rotor windings will excite free components involved in ΔX.
When the amplitude and initial phase of the rotor excitation voltage remains invariable, in a dq synchronously rotating reference frame, the free components involved in ΔX are as follows:
(1) The initial value of the stator windings flux linkage will stimulate the freedom current Δi sd(q) whose oscillation frequency is ω 1 in the stator windings, and the freedom current Δi srd(q) whose oscillation frequency is ω 1 in the rotor windings.
(2) The initial value of the rotor windings flux linkage will stimulate the freedom current Δi rd(q) whose oscillation frequency is ω s in the rotor windings, and the freedom current Δi rsd(q) whose oscillation frequency is ω s in the stator windings.
From the above, at an early stage of the terminal voltage dip, when the amplitude and initial phase of the rotor excitation voltage remains invariable, the increment of the rotor currents mainly contains a constant DC component, the freedom current components whose oscillation frequency are ω 1 and ω s respectively in a dq synchronously rotating reference.
Due to the existence of R s and R r , as time goes on, all the the freedom current components of the increment of the rotor currents will decay to zero in accordance with the different time constants.
Analysis of the decay time constant of the rotor freedom currents of DFIGs
Because A(X) is a 4-order non-sparse matrix, it becomes more tedious to calculate the time constant using rigorous mathematical methods. According to [6] , in a dq synchronously rotating reference, the freedom current component in the rotor windings whose oscillation frequency is ω 1 will decay following the time constant T sd(q) of the stator windings, and the freedom current component whose oscillation frequency is ω s will decay following the time constant T rd(q) of the rotor windings.
Supposing that the rotor structure of DFIG is symmetrical in d axis and q axis direction, then 
The calculation model of the rotor currents increment of DFIGs
Because of assuming Δu rd(q) =0, the amplitude of the freedom current component in the rotor windings whose oscillation frequency is ω s is relatively small and could be ignored.
Because the value of R s and R r are smaller, ignoring them. So，A(X) turns to A 1 (X), A 1 (X)＝ 
After using the Laplace transformation to Eq.(5), we can get Eq.(6).
Where, S is complex variable, E is Unit Matrix, ΔX(S) and ΔU(S) are the Laplace transformation for ΔX and ΔU respectively.
When the terminal voltage drops, ΔU is constant. So the Laplace transformation of Δi rd(q ) is 
Using the inverse Laplace transformation to Eq.(7), then (8) Where, .
Modifying Eq.(8) [6] , considering the damping effect of R s and R r , Δi rd(q ) is
Assuming that the voltage oriented control with the constant amplitude, the stator voltage vector is oriented to q axis, then
. 
Case Studies
This section will present case studies carried out with a Gamesa G58-850kW DFIG WTG. A voltage dip is applied to the terminals of the DFIG and the rotor current is calculated by the proposed method. The results are compared with those calculated by Eq.(1) through numerical calculations to verify the validity of the proposed method. The parameters of the WTG are listed in Table 1 . Taking the rated operating condition as test conditions, it is assumed that the crowbar is not connected to the during the test.
When t=0s, the terminal voltage drops to 0.9p.u. ,and .
According to Eq.(1), and Eq.(10), the results of Δi rd(q) calculated by Eq.(1) through numerical calculations and the proposed method respectively is shown in Fig.1 . Fig.1 Curve of Δi rd and Δi rq It is shown in Fig.4 that the results of Δi rd(q) calculated by the proposed method and Eq.(1) through numerical calculations agree well. The maximums calculated by the two methods are close, as shown in Table 2 . 
Conclusions
On condition that excitation voltage of rotor windings and rotating speed of rotor keep unchanged, the electromagnetic transient process at an early stage of terminal voltage dip are analyzed when Crowbar protection is not triggered. Neglecting the stator and rotor resistance, the analytic model to calculate the increment of rotor current initiated by the increment of terminal voltage is derived in detail. Calculated results of the analytic model is compared with the numerical calculation, which verifies the effectiveness of the proposed analytic model.
The physical meaning of the proposed method is clear. The proposed method is convenient for engineering applications and is contributed to the quantitative analysis of electromagnetic dynamics of DFIGs stimulated by voltage dips.
